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The close correspondence between energy intake and expenditure over prolonged time periods, coupled
with an apparent protection of the level of body adiposity in the face of perturbations of energy balance,
has led to the idea that body fatness is regulated via mechanisms that control intake and energy
expenditure. Two models have dominated the discussion of how this regulation might take place. The
set point model is rooted in physiology, genetics and molecular biology, and suggests that there is an
active feedback mechanism linking adipose tissue (stored energy) to intake and expenditure via a set
point, presumably encoded in the brain. This model is consistent with many of the biological aspects of
energy balance, but struggles to explain the many significant environmental and social influences on
obesity, food intake and physical activity. More importantly, the set point model does not effectively
explain the ‘obesity epidemic’ – the large increase in body weight and adiposity of a large proportion of
individuals in many countries since the 1980s. An alternative model, called the settling point model, is
based on the idea that there is passive feedback between the size of the body stores and aspects of
expenditure. This model accommodates many of the social and environmental characteristics of energy
balance, but struggles to explain some of the biological and genetic aspects. The shortcomings of these
two models reflect their failure to address the gene-by-environment interactions that dominate the
regulation of body weight. We discuss two additional models – the general intake model and the dual
intervention point model – that address this issue and might offer better ways to understand how body
fatness is controlled.

Introduction

Based on a sample of 592 measures of energy expenditure by doubly labelled water (Speakman and
Westerterp, 2010), we can estimate that an average man aged 45 living in western Europe expends a
total of 5180 MJ of energy during the course of a year. Similar to most people in the western world, our
average man will end the year slightly heavier than when he started it – pointing to a discrepancy
between intake and expenditure. If he gains the average 0.5 kg of weight per year that is typical of
western societies (Van Wye et al., 2007), and if this weight gain was fat tissue, this additional tissue
would contain about 350 g of lipids (Forbes, 1987). This would suggest that he ate 13.8 MJ more energy
than he expended over the course of the year (i.e. 0.35 kg of fat multiplied by 39 MJ/kg). The
discrepancy between the intake and expenditure amounts to only 0.27% of his total annual expenditure
(13.8/5180). On a daily basis, this difference between intake and expenditure averages only 38 kJ –
approximately equal to the cost of walking 150 metres, or drinking a regular cup of unsweetened coffee
with milk. Refined computer models that also take into account the efficiency of energy transformations
and the energy expenditure of the deposited tissue suggest a slightly higher but similarly small
discrepancy of 74 kJ/day (Westerterp et al., 1995; Speakman et al., 2002; Hall, 2010a; Hall, 2010b).
There are two perspectives on these suggested short-term (daily) implications of long-term (yearly)
energy balance calculations that are worth noting. First, the matching of intake and expenditure on a
daily basis may routinely be better than these calculations suggest. This is because the normal pattern of
weight gain might not be to slowly accumulate very small amounts each day, but rather to be weight
stable for protracted periods, interspersed with periods of gross imbalance during which most weight
gain occurs. For example, weight gain during the holiday season in the United States (from
Thanksgiving in November until the new year) is significantly higher than during the rest of the year
(Yanovski et al., 2000) and is matched by seasonal variation in food intake (de Castro, 1991), although
other studies have shown no change in overall weight but an increase in fatness over the same period
(Hull et al., 2006). Conversely, matching of intake and expenditure over the time scale of a single day
might actually be very poor, and highly variable, because the time scale over which a balance is struck is
much longer. For example, short-duration experimental manipulations of either intake or expenditure
(Levitsky and DeRosimo, 2010; Levitsky et al., 2005; King et al., 1997) tend not to be well compensated
[for an exception, see Goldberg et al. (Goldberg et al., 1998)], consistent with the suggestion that energy
balance occurs over much longer periods (Edholm et al., 1955). Therefore, extrapolating from an annual
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budget to explain what occurs during much shorter durations might be unjustified.

Similar estimations of a very small error in the precision to which energy intake of humans matches
energy expenditure over long periods of time (years) have been made by many previous authors (e.g.
Hill, 2009; Levitsky and Pacanowski, 2011). The UK Department of Health, for example, recently
convened an expert working group to quantify the magnitude of weight change and energy imbalance in
the UK population, concluding that the average weight gain was 6.7 kg over 10 years and that the daily
energy imbalance necessary to generate this was about 25 kJ/day. The conclusion that is often drawn
from these weight gain and energy balance calculations is that our bodies must therefore contain an
exquisitely tuned system that controls our intake and expenditure with incredible precision to maintain
our body mass at an almost constant level. From a treatment perspective, it is probably this tuning
system that has made the pharmacotherapy of obesity such a challenge with regards to efficacy. Drugs
aimed at single protein targets that affect intake, expenditure or both struggle to achieve significant
weight loss to be sufficient to normalise body weight and fatness because they address only part of the
system – that is, the molecular, genetic and physiological component. Obtaining a better understanding
of the nature of this control system will ultimately lead to better therapies for obesity. In this Special
Article, we review the two main ideas about the nature of this control system (the set point and settling
point models), highlighting their strengths and weaknesses. We conclude by detailing alternative ideas
that overcome many of the shortcomings of these two models.

The set point regulation model

Kennedy was among the first to suggest that body fat storage might be a regulated phenomenon
involving a set point (Kennedy, 1953). He suggested that fat might produce a signal that was sensed by
the brain, where it was compared with a target level of body fatness. Any discrepancy between the target
and signal would subsequently trigger changes in intake or expenditure that would bring the actual
levels of body fat (and its signal) back in line with the target. This has been termed the ‘lipostatic’ model
of body fat regulation, and is based on the simple concept of a negative-feedback system around a target
set point (Fig. 1). More than 40 years after the original proposition, leptin was discovered (Zhang et al.,
1994), which is a hormone primarily produced by adipocytes that interacts with receptor populations in
the brain in areas already known to be intimately linked to the regulation of energy balance, such as the
arcuate nucleus in the hypothalamus (Mercer et al., 1996; Bellinger, 2001). This discovery provided
strong molecular evidence for such a feedback system and prompted many reviews that resurrected
Kennedy’s original set point model for the regulation of body fatness (e.g. Frederich et al., 1995; Keesey
and Hirvonen, 1997; Friedman, 1998; Friedman and Halaas, 1998; Cowley et al., 1999; Cone, 1999;
Schwartz et al., 2000). This model, and the role of leptin in it, has more recently been formalised
mathematically (Tam et al., 2009). Moreover, in line with the model predictions, substantial work has
shown that fluctuating leptin levels – either associated with weight gain or loss, or induced via central or
peripheral administration in animal models – directly alter feeding behaviour and energy expenditure
(Davis et al., 2011; Fam et al., 2007; Gautron and Elmquist, 2011; Hayes et al., 2010; Scott et al., 2011;
Sousa et al., 2009). The discovery of individuals with loss-of-function mutations in the gene encoding
leptin (O’Rahilly, 1998; Farooqi et al., 1999; Farooqi et al., 2001; Farooqi et al., 2002; Farooqi et al.,
2007), who were extremely hyperphagic and obese, along with subsequent discoveries of other similarly
obese individuals with mutations in other genes in the neural pathways downstream from leptin,
provided strong support for the set point idea (Farooqi and O’Rahilly, 2008; O’Rahilly, 2009), with
leptin as its central player. The high genetic contribution to the variation in body mass index (BMI; a
commonly used surrogate of body fatness) (Allison et al., 1996; Luke et al., 2001; Zhu et al., 2002; Wu et
al., 2002; Segal and Allison, 2002) is consistent with the set point theory, and with the important role of
biology in the process of weight regulation. However, it is notable that obesity in most humans is not
associated with mutations in the gene encoding leptin (Maffei et al., 1996; Speliotes et al., 2010).

The set point model is bolstered by the observation that, when the system is perturbed – for example by
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a period of dieting (Luke and Schoeller, 1992; Dulloo and Jacquet, 1998; Hainer et al., 2000) or
overfeeding (Leibel et al., 1995; Bouchard et al., 1988; Bouchard et al., 1990) – people lose or gain
weight, respectively. However, once dieting or overfeeding ceases, they tend to regain any lost fat, or lose
the accumulated fat, and return to a level approximating their original fatness (Bouchard et al., 1996;
Anderson et al., 2001). Moreover, they modulate energy expenditure to resist the perturbation in intake
(Deriaz et al., 1992; Tremblay et al., 2004; Rosenbaum et al., 2010; Rosenbaum et al., 2008;
Rosenbaum et al., 2003; Rosenbaum et al., 1997; Leibel and Hirsch, 1984). This means that the amount
of weight loss or gain is less, and the speed at which weight returns to baseline levels is more rapid, than
would be predicted by only a passive system that was regulated by unchanging mean intake and
expenditure levels. Indeed, this set point model in which the body defends a level of adiposity is often
used to explain the common phenomenon of weight regain following acute weight loss and the failure of
dieting as a strategy to promote prolonged weight loss (Anderson et al., 2001).

However, there are aspects of the set point model of regulation that are problematic, particularly its
inability to explain the increasing prevalence of obesity that has been observed in many societies over
the past 40 years (Flegal et al., 2010; Ogden et al., 1997; Troiano et al., 1995; Kuczmarski et al., 1994).
That is, if such a strong biological feedback system regulating our body fatness exists, then why do most
individuals in most western countries gain weight throughout the majority of their lives? Moreover, the
set point model cannot explain why obesity tends to occur most frequently in the least affluent members
of western populations (e.g. Dykes et al., 2004) but most frequently in the most affluent members of
developing societies (e.g. Poskitt, 2009; Satia, 2010); why children who watch more TV are more obese
(Epstein et al., 2008; Jordan and Robinson, 2008; Jackson et al., 2009; Matheson et al., 2004;
Robinson, 2001; Robinson, 1999; Gortmaker et al., 1996); or why individuals gain weight in college
(Cluskey and Grobe, 2009), after marrying (Sobal et al., 2009) or after moving from Asia to western
countries. Although it has been suggested that obesity arises in such situations because of a shift in the
set point (Mrosovsky and Powley, 1977; Stunkard, 1982), such notions effectively negate the utility of the
set point concept. If the set point changes in response to our social class, our marital status, or whether
or not we watch TV, then it is not a ‘set’ point. Nevertheless, it should be pointed out that there is also no
indication that heritability estimates of BMI have changed over time (Maes et al., 1997). In addition to
the environmental effects mentioned above, a large number of diseases and disorders can lead to more
or less rapid weight gain or loss; examples include both somatic (e.g. infectious diseases, tumour
cachexia, gastrointestinal disorders) and neuropsychiatric (e.g. anorexia nervosa, depression, dementia)
disorders. The weight alterations observed in these disorders imply that the putative tight regulatory
system implied by a set point can be perturbed substantially. Such disorders can also have long-term
implications for body weight. For example, individuals with anorexia nervosa whose pre-morbid body
weight is normally distributed (Coners et al., 1999) only infrequently become overweight or obese after
recovery (Hebebrand et al., 1997).

Moreover, despite the popularity of the set point model among molecular biologists, a close look at the
physiological and molecular data reveals discrepancies between the this model and reality [as proposed
in various reviews (Keesey and Hirvonen, 1997; Friedman, 1998; Friedman and Halaas, 1998; Cowley et
al., 1999; Cone, 1999; Schwartz et al., 2000) and illustrated in Fig. 1]. For example, obese individuals
with large levels of stored lipids produce abundant amounts of leptin (Considine et al., 1996).
Additionally, although daily injections of leptin reduce body mass in a dose-dependent manner, the
extent of this effect is much smaller than would be anticipated if a set point system with leptin as the
primary signal were in place (Heymsfield et al., 1999; Westerterp-Plantenga et al., 2001; Hukshorn et
al., 2003; Lejeune et al., 2003). Also, it is difficult to imagine how such a set point system can operate
when we know that the signals that we assume make up the regulatory system (including leptin, as well
as multiple other signals such as glucose, fatty and amino acids, insulin, and gut or stress hormones) are
not only chronically affected by the level of adiposity, but are also acutely responsive to changes in food
intake (Saladin et al., 1995; Schoeller et al., 1997). In the short term (hours and days), food intake is
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extraordinarily variable (Edholm et al., 1955; Westerterp et al., 1995). Consequently, at the short time
scales over which the signals presumed to reflect adiposity are fluctuating enormously, there is no
balance between intake and expenditure (Donnelly et al., 2011). This might be partly due to the time that
is necessary to fully adapt to changes in macronutrient balance, and hence for the respiratory quotient
(RQ) to match the food quotient (FQ) (Schrauwen et al., 1997; Schrauwen et al., 1998; Schrauwen and
Westerterp, 2000; Schrauwen et al., 2000). In other words, the time period over which regulation seems
to occur (weeks and months) is at odds with the time period (hours and days) over which the regulatory
signals are responsive to energy imbalance. A useful analogy is to imagine a thermostat controlling your
house temperature against a background of someone periodically pouring hot and cold water over the
temperature sensor. It is possible to imagine scenarios by which this system could work –for example,
the long-term effects of time-averaged leptin levels might drive neuronal architecture, and leptin might
therefore have a role in tuning the sensitivity of the system. However, whether the system works in this
way is currently uncertain, and this explanation is not what was originally proposed in the papers
mentioned earlier (Frederich et al., 1995; Keesey and Hirvonen, 1997; Friedman, 1998; Friedman and
Halaas, 1998; Cowley et al., 1999; Cone, 1999; Schwartz et al., 2000).

Finally, it should be noted that the set point model mainly focuses on the importance of fat mass for the
feedback loop – which is undoubtedly supported by the discovery of leptin and the associated pathways
that provide the link between adipose tissue and the central nervous system (CNS). However, fat mass
accounts for only a fraction of total body mass, ranging from as low as 5% to >45% (Romero-Corral et
al., 2008). At any given BMI, percent fat mass varies substantially between individuals. Despite the fact
that BMI and percent fat mass are correlated, the relatively constant body weight experienced by healthy
individuals cannot solely be explained by the feedback loop between adipose tissue and the CNS.
Instead, it seems that if body weight is closely regulated, then fat-free mass must also be under relatively
tight control.

The settling point regulation model

Establishment of the set point of the system effectively denies a role for socioeconomic and
environmental factors in the aetiology of obesity, subsuming everything into the physiology, which
seems unlikely (Symonds et al., 2011). Thus, it is not surprising that the set point model is not well
regarded among scientists involved in investigating the social and environmental factors that drive the
obesity epidemic. This schism in the obesity research community was highlighted by Hirsch in 2004 in
his acceptance speech following receipt of his lifetime achievement award from the North American
Association for the Study of Obesity [NAASO; now called The Obesity Society (TOS)]. Hirsch pointed
out that much of the obesity research field is effectively split into two groups – physiologists-molecular
biologists-geneticists and behaviourists-psychologists-nutritionists – each functioning more or less
independently of one another.

The behaviourists-psychologists-nutritionists community implicitly or explicitly hold a different position
on the extraordinary match between intake and expenditure that we highlighted above – and hold views
that are instead in line with the ‘settling point’ model of body fatness. Like the set point model, this idea
is also based on engineering control systems. An analogy for the regulation of body energy stores as
explained by the settling point model is the levels of water in a lake (Fig. 2). In any system in which
there is a reservoir (such as body fat stores) with an input (food energy) and an output (energy
expenditure), the reservoir of the system comes to a natural equilibrium if either the inputs are
downregulated in proportion to the reservoir volume, or the outputs are upregulated in direct
proportion to the reservoir volume. There is no regulated level of the volume in this system, and yet it
behaves as if this is a parameter that is being regulated. This idea of a passive regulatory system that
does not involve any set point is called a settling point system: the system ‘settles’ at a point defined by
the level of the unregulated parameter (either inflow or outflow).
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It has been suggested for at least 35 years that such a settling point system might explain the apparent
regulation of adiposity in humans (Wirtshafter and Davis, 1977; Payne and Dugdale, 1977a; Payne and
Dugdale, 1977b; Garrow, 1988; Speakman et al., 2002). As Payne and Dugdale illustrated using a
mathematical model for weight regulation (Payne and Dugdale, 1977a), any imbalance between energy
intake and energy requirements would result in a change in body weight, which, in turn, would alter the
maintenance energy requirements so as to counter the original imbalance and would hence be
stabilising. That is, if body fatness increases owing to an increase in the rate of intake, the rate of energy
expenditure also increases to offset it. The system thus exhibits dynamic equilibrium. To understand
how such a system might operate, it is useful to consider, for example, an individual who eats 12 MJ per
day, expends 12 MJ per day and weighs 70 kg, and is in energy balance. Imagine that the person is
placed on a 9 MJ per day diet, resulting in an intake flow to the reservoir that is lower than the output.
The discrepancy between input and output of 3 MJ is expected to result in weight loss, comprising some
fat and some lean tissue that is burned to supply the shortfall between intake and expenditure. Now,
owing to the lack of this fat and lean tissue, which previously required metabolic expenditure, the
person’s daily expenditure will be less than 12 MJ, and the discrepancy between intake and expenditure
will diminish. This passive response occurs owing to the inevitable reduction in expenditure caused by
decreasing fat and lean body mass. Any discrepancy between intake and expenditure will therefore tend
to disappear over time because of changes in storage that diminish the discrepancy. Once fat and lean
tissue have decreased to a point where expenditure is 9 MJ per day, the individual will be back in energy
balance and no further weight loss will take place. This condition of re-established balance occurs
because of the link between the reservoir (fatness) and the output (expenditure).

Imagine that the same individual then goes back to eating 12 MJ per day. The discrepancy between
intake and expenditure is now in the opposite direction, which leads to an increase in body mass. This
slowly causes an increase in expenditure, which will eventually return to 12 MJ per day, and there will
no longer be an imbalance or weight gain. Crucially, however, the body will reach this balance when the
body composition has returned to the same state it was in before the diet started. To an outside observer
who is unaware of the actual control system, this return to the original body composition could be
misinterpreted as the individual defending a level of adiposity. That is, the discrepancy between the
actual body composition and this defended level (or set point) at the end of the diet generated a signal
that resulted in elevated intake once the diet was terminated to close the discrepancy and return the
individual to the set point. Yet, clearly, in this situation there is neither an actual set point nor a
feedback signal from the reservoir (see also Speakman et al., 2002).

In this non-regulated energy system, the level of the reservoir (fat stores) settles to an equilibrium that is
determined by the inflow (food intake), which is matched to the outflow (energy expenditure) because
the rate of outflow is passively related to the level of the reservoir. As body weight (fat) increases, so
does the rate of energy expenditure, owing to the increase in lean body mass necessary to support the
increased fat mass and to the physics of moving a larger body mass.

The settling point model provides cogent explanations for many phenomena that the set point model
cannot explain. Hence, under the settling point model, the increasing prevalence of obesity is explained
as a consequence of the elevated availability of food or greater exposure to food cues (i.e. elevated food
intake) or a downward shift in the need to engage in physical activity – the so-called ‘obesogenic’
environment. Energy intake can be increased by one or more of the following environmental factors: an
increase in portion sizes (Rolls et al., 2007), increased exposure to high energy density foods
(Hetherington and Rolls, 2008; Rolls, 2010), an increase in the variety of foods offered (Rolls and
Hetherington, 1989), a greater tendency to eat outside the home (Thornton et al., 2010) where portion
sizes are larger (Piernas and Popkin, 2011; Duffey and Popkin, 2011) and where eating behaviour is
increased by eating with others (Hetherington et al., 2006), or other concurrent activities such as eating
while watching television (Epstein et al., 1992; Epstein et al., 1997; Wansink, 2004; Temple et al., 2007).
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These factors interact with psychological (and probably genetic) factors in given individuals
(Westerterp-Plantenga et al., 1996; Vogels and Westerterp-Plantenga, 2005; Vogels et al., 2005).

Note that the settling point model requires at least one parameter on the inflow or outflow of the
reservoir that is not regulated by the reservoir and at least one parameter that is regulated by the
reservoir for this system to work. In the example given above, we assumed that the unregulated
parameter was food intake, because we are familiar with the passive link between body composition and
resting metabolic rate. However, the unregulated parameter could also be physical activity, both activity
and food intake, or all these factors, but to different extents in different individuals. For example, an
interesting interaction between food intake and energy expenditure, especially physical activity, was
found in men but not in women (Westerterp-Plantenga, 2004b; Westerterp-Plantenga, 2004a). In men
with a medium fat-free mass (the older men), meal frequency was positively related to resting energy
expenditure and inversely related to activity-induced energy expenditure. In men with a high fat-free
mass (the younger men), meal frequency was inversely related to resting energy expenditure and
positively related to activity-induced energy expenditure. So, a higher habitual meal frequency implied a
lower energy intake in the younger men with a high fat-free mass and activity-induced energy
expenditure, and a higher energy intake in the older men with a medium fat-free mass and a lower
activity-induced energy expenditure.

However, there are many data that conflict with the settling point model. The semi-starvation study of
Keys et al. is a classic example (Keys et al., 1950). During that study, widely known as the Minnesota
Experiment, individuals of normal weight were placed on a very low calorie diet and lost a large amount
(25%) of body weight (both fat and lean tissue). As predicted by the settling point model, the weight loss
under conditions of semi-starvation reached a plateau. On release from the restriction, however, the test
subjects did not simply return to their old habits and gradually settle back to their old body weights, but
rather they increased body and fat mass rapidly –suggesting that they were over-eating and were under
some form of active regulation that was attempting to drive up their body mass or adiposity (or lean
mass). In a re-analysis of Key’s Minnesota Experiment, the hyperphagic response to food deprivation
was shown to be dictated as much by the psychobiological responses to dietary restraint as by the extent
to which body fat, and to a lesser extent lean mass, were depleted (Dulloo et al., 1997). This result
strongly suggests that there is some active control over intake that is related to changes in body
composition (more specifically, the discrepancy between lean mass or adiposity and a set point target).

Moreover, during weight loss, there is evidence that resting energy expenditure does not simply
decrease in relation to the falling body weight, but rather that it is driven down actively at a greater rate
to oppose the body and fat mass loss (Luke and Schoeller, 1992; Dulloo and Jacquet, 1998), while
powerful biological signals produce feelings of hunger that compel individuals to ‘break’ their dietary
restriction (as revealed by the Minnesota Experiment detailed above). In addition, all of the elements of
the energy balance equation seem to be strongly linked to body mass, as is revealed by doubly labelled
water and hood respirometry (measuring gas exchange of subjects under a ventilated hood)
measurements in individuals that are in approximate energy balance. Which of these parameters is
independent of the reservoir size is unclear, but at least one of them must be because, as mentioned
above, at least one independent parameter is essential in the settling point model. Finally, an
environmentally determined settling point cannot adequately explain the inter-individual susceptibility
to weight gain in a common environment. Genetic studies strongly suggest that the reason we do not all
get fat has something to do with our genetic make-up, because there is a genetic contribution to the
variation in BMI (Maes et al., 1997; Allison et al., 1996; Segal and Allison, 2002). How this fact fits into
the settling point idea is unclear.

Some alternative ideas

The set point and settling point models for the regulation of body weight and adiposity are a reflection of
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a broader divide in our conceptualisation of the obesity problem. The set point model is rooted firmly in
the domain of physiological and genetic determinism, whereas the settling point model is more
grounded in the effects of social, nutritional and environmental factors. However, we know that this
distinction is artificial, because genotypes can only work in the context of an environment, and
environments have effects that are dependent on genotypes (e.g. Li et al., 2010). Understanding the
gene-by-environment interaction is therefore of paramount importance if we are to reach a complete
understanding of this (and many other) phenomena (Speakman, 2004). The failings of the set point and
settling point models are therefore primarily a reflection of their failure to accommodate the gene-by-
environment nature of the problem. This gene-by-environment interaction can readily be demonstrated
in individuals who take drugs that either increase or reduce body weight. Furthermore, monozygotic
twin pairs react quite similarly with respect to the dynamics of the weight change and the achieved
plateau (Gebhardt et al., 2010). Another example is the effect on body weight of the interaction between
smoking tobacco and genotype (Freathy et al., 2011). Furthermore, the potential that obesity in adults is
influenced by environmental factors experienced during development must be accounted for (e.g.
Symonds et al., 2009; Symonds et al., 2011; Budge et al., 2005).

In the last part of this paper, we present two alternative views of the regulation of body weight that
attempt to overcome this artificial separation with more integrated models. We then conclude with a
molecular-genetic and a psychobiological perspective on these models and the obesity problem.

The general model of intake regulation

The ‘general model of intake regulation’ (de Castro and Plunkett, 2002) combines components of the set
point and settling point models into a comprehensive model of food intake and body weight regulation (
Fig. 3). The model asserts that food intake is affected by a wide range of physiological, environmental,
social, psychological and dietary factors. The model sorts factors into two sets, referred to as
uncompensated (primarily environmental) and compensated (primarily physiological) factors. A key
difference between these types of factors is that compensated factors have negative feedback loops with
intake, simultaneously affecting and being affected by intake, whereas uncompensated factors affect but
are not affected by intake. Each factor is assumed to account for only a small portion of the total
variance in intake. In addition, the level and impact of these factors can vary from individual to
individual, and these individual differences are affected by heredity. A twin study of food intake
supported the notion that environmental and physiological factors have individual preferred levels that
are affected by the genes and have different impacts on intake, and these impacts are also affected by the
genes (de Castro, 2010).

The model hypothesises that intake results from the net sum of the activity of all of the compensated and
uncompensated factors acting simultaneously. It is very general and works well not only with food
intake but also when applied to other regulatory systems such as fluid or salt intake. It should be noted
that the model does not assume that there are any set points for intake or body weight. Rather, it
suggests that the level that is defended is quite malleable. A change in one or more other factors would
result in a new defended level. If the internal and external milieu are relatively stable, then the system
would act much like there was a set point. After a deviation from that level, the model would predict that
the system would tend to promote the restoration of the set point level. However, if the internal and/or
external milieu were to change, that level might not be defended, and a new defended level would be
established.

To ascertain whether the general model of intake regulation can produce predicted outcomes that
parallel observed changes in intake and body weight, a computer simulation was implemented. The
simulation was designed to test the model’s response to changes that are similar to those that occur in
the natural environment, as well as individual differences in responsiveness to environmental changes
(de Castro, 2006). The model’s response to a simulated change in the environment was investigated by
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doubling the level of one uncompensated factor. In response to the change, the body weight initially
became unstable and oscillated at a markedly higher level before stabilizing and settling at a 7% higher
body weight (Fig. 4). The model then maintained this new body weight provided that no further changes
occurred. Subsequently, the model’s response to differences in individual responsiveness was
investigated. The weighting factor was manipulated in conjunction with the doubling of the
uncompensated factor, as above. When the weighting factor was small, the doubling of the
uncompensated factor produced only a small increase in body weight but, when the weighting factor was
large, the model’s output reflected a large increase in body weight (Fig. 4). The output body weight was
found to depend on both the amount that the uncompensated factor level increased and the magnitude
of the weighting factor. Hence, the model predicted that a sustained change in the environment would
trigger a sustained change in body weight; the magnitude of the change would depend on the
individual’s inherited responsiveness to the factor.

The model predicts that a chronic change in the environment would result in a maintained and defended
change in body weight. It further predicts that, after a loss of body weight, compensated factors would
drive intake above former levels until the prior body weight is re-acquired. Given the large recent
changes in the environment, the model can provide a possible explanation of the recent epidemic of
obesity. The model also can explain changes in body weight that occur throughout the lifespan of an
individual through known changes in intake and expenditure with age. Overall, this model provides an
integrated and comprehensive view of how environmental, physiological and genetic influences might fit
together to control intake. A potential weakness of the model, however, is that it focuses only on the
regulation of intake, subsuming expenditure as one of the compensated factors.

The dual intervention point model

An attractive alternative to the set point and settling point models to explain how body weight and
fatness are regulated is the dual intervention point model (Herman and Polivy, 1984; Levitsky, 2002;
Speakman, 2007). In this model there is not a single set point. Instead, there are upper and lower
boundaries that define the points at which active physiological regulation becomes dominant, and
between which there is only weak or no physiological regulation of weight and/or fatness (although
there could still be physiological control of some of the components of energy balance such as food
intake and/or energy expenditure) (Fig. 5). One might argue that this is simply a more realistic version
of the set point model. In reality, most set point systems do not have an absolutely defined point above
or below which opposing control measures are enabled, because the system would then be constantly
flipping between conflicting mechanisms. Rather, control in a set point system is activated when the
target value falls outside some narrow tolerance range on either side of the control point. However, the
dual intervention point model differs from this explanation in that, first, there is no defined target and,
second, the two intervention points are suggested to be regulated independently. Hence, the range
between the two intervention points could be quite wide, and its width could vary considerably between
individuals. This aspect of the model is useful in that it allows for the inter-individual susceptibility to
weight gain in a common environment, and is consistent with the results of studies showing a genetic
contribution to the variance in BMI. Such a model is effectively a hybrid that combines the set point
model involving active regulation based on fatness, which would operate outside of the upper and lower
intervention points, with the settling point model of passive regulation operating in between them.
However, the nature of the intervention points is unclear, and might be determined by a combination of
genetic and environmental factors acting in concert.

Unlike the other models discussed, there is a strong evolutionary rationale to explain why such a system
might evolve, with the lower intervention point defined by the risk of starvation and the upper
intervention point defined by the risk of predation (Speakman, 2007; Speakman, 2008). This model has
the additional benefit of providing a context of understanding the asymmetry of weight control. The
lower intervention point explains why we are generally resistant to weight loss: as weight is lost, energy
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expenditure is reduced, thereby preventing further weight loss. By contrast, variation in the upper
intervention point explains why some individuals are rather poor at defending against weight gain and
therefore prone to becoming obese when food is readily available, whereas others can resist weight gain
in the face of the same environmental stimuli. The source of individual variation in the upper
intervention point has been a matter of debate (Speakman, 2007; Speakman, 2008; Prentice et al.,
2008). It has been suggested, based on numerous small animal studies, that the upper intervention
point in most animals is probably regulated by the risk of predation. In humans who developed tools
and weapons, discovered fire and became social animals about 2 million years ago (Homo erectus), the
risk of predation was effectively eliminated. It is suggested that this release from predation might have
created the conditions for allele frequencies of the genes coding for the upper intervention point to drift
over time, and what we now experience is the consequence of that drift. Some individuals have been
lucky in the ‘mutation lottery’ and can still regulate their weight and adiposity because their upper
intervention point has not moved, but, for others, the intervention point has drifted upwards and the
strong control preventing weight increases is no longer present. This suggested individual variability in
the distance between the upper and lower intervention boundaries is a key aspect of the model.

The dual intervention point model can explain many aspects of the obesity phenomenon that one or
other of the set point and settling point models cannot (reviewed above). A major benefit of the model is
that it accommodates both the socioeconomic-environmental views and the molecular-physiological
views of energy balance within a single framework. Within the gap between upper and lower
intervention points is the space where environmental effects on energy balance hold sway. So, even a
person with widely separated intervention points will only gain excess weight in certain environmental
conditions. More broadly, the model can explain the obesity epidemic as a consequence of increased
food supplies driving up food intake, while also explaining why only some people become overweight
and obese in this obesogenic environment. The idea that genetics determines the distance between the
upper and lower bounds might explain why there is a genetic contribution to variation in BMI.
Interestingly, the results of genome-wide association studies (GWAS) for BMI have identified several
targets that are close to some genes that are components of the well-established leptin-brain
neuropeptide system that is believed to underpin the set point model (reviewed in Schwartz et al.,
2000), such as the melanocortin-4 receptor (MC4R) and pro-opiomelanocortin (POMC). There are also
many other targets identified by GWAS that are not part of this leptin-brain neuropeptide system, but
that are expressed in areas of the brain believed to be linked to food intake regulation [such as the fat-
mass- and obesity-related gene FTO, brain-derived neurotrophic factor (BDNF) and SH2B1]. Yet other
targets seem to be involved in adipocyte metabolism. Faced with these surprising new targets, a
common question has been: “Does gene X affect BMI via a functional effect on food intake or energy
expenditure?”. A classic example is the FTO gene, which was the first genetic variant identified by
GWAS approaches that was unequivocally shown to be associated with obesity (Frayling et al., 2007).
This spawned a plethora of papers designed to establish whether the variant was associated with either
intake or expenditure (Speakman et al., 2008; Timpson et al., 2008; Wardle et al., 2009; Haupt et al.,
2009; Cecil et al., 2008; Hetherington and Cecil, 2010; Den Hoed et al., 2009). In this instance, the
answer seems to be that the variant mainly affects food intake [see above references but also see the
following (Johnson et al., 2009; Fischer et al., 2009; Ruiz et al., 2010)], which might be tempered by
physical activity differences (Li et al., 2010). Additionally, the effect of the variant might reflect
developmental factors (Sebert et al., 2010). Despite the tremendous increase in our knowledge of the
many genetic variants that differentiate the obese from the non-obese, we still do not understand how
these genotypes translate into phenotypes in terms of eating behaviour or energy expenditure. This
probably reflects the challenges that have been encountered in the pharmacotherapy of obesity. Loss of
greater than 10% of total body weight is rarely seen with monotherapy that targets a single gene or
mechanism that might affect intake, expenditure or both.

Perhaps we are limited by the technology to unobtrusively measure energy intake accurately for
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sufficient periods of time to discover how genes influence intake and expenditure. At the same time, we
might have been measuring the wrong markers. For example, we now know that brown adipose tissue
(BAT) is present throughout life, rather than only in neonates (Cannon and Nedergaard, 2004; Symonds
et al., 2011); thus, markers relevant to BAT metabolism or maintenance were not previously assessed
and might have been ‘missed’. Alternatively, the mechanisms through which genes cause an increase in
energy intake might act very subtly – for example, by changing the sensitivity of certain individuals to
react more to environmental food cues than others – meaning that their influence on energy intake is
difficult to uncover. However, it is also possible that posing the question “does gene X affect intake or
expenditure?” is the problem. That is, the answer might be “neither” in some cases, because gene X
contributes to encoding the upper or lower intervention point, and not directly to differences in food
intake or expenditure. Thus, searching for a functional effect of gene X on either intake or expenditure
might be futile and argues against the value of many so-called endophenotypes (i.e. one gene for one
phenotype) in gene-finding exercises. It is important to recognise that this statement does not imply that
people can become obese without an energy imbalance – clearly, an energy imbalance is a pre-requisite
for weight gain. Rather, we propose that some genes might influence obesity not by directly affecting
food intake or expenditure, but because they affect the level at which physiological control mechanisms
become activated (the upper intervention point).

A molecular genetic perspective

Classical genetic studies indicate that about 50–70% of the variance (i.e. the broad sense heritability or
h ) in BMI is genetic. However, heritability estimates vary according the study design (twin studies vs

family studies vs adoption studies) and the method used to assess heritability. In general, heritability
estimates tend to be higher when derived from twin studies compared with family and adoption studies.
As explained in more detail in several papers and reviews (Allison, 1995; Segal and Allison, 2002; Segal
et al., 2009), classic twin studies will overestimate h  if the so-called equal environments assumption is

violated. By contrast, classic family and adoption studies underestimate h  if there is substantial non-

additive genetic variance, including that due to dominance effects at individual loci, epistasis (i.e. gene-
by-gene interaction) and gene-by-age interactions. Substantial evidence from both model organisms and
from humans indicates that all of these sources of non-additive genetic variance are present and are
quite substantial. Furthermore, special human twin studies (such as those of monozygotic twins reared
apart), which do not rely on the equal environments assumption, yield results that largely confirm the
classical twin studies, suggesting that the classical twin studies are not biased. Thus, at present, the best
estimate of h  for BMI is roughly 0.65 (Segal and Allison, 2002). Notably, heritability also varies

according to the phenotype used to assess obesity, tending to be higher for phenotypes indexing fat
distribution (e.g. waist circumference or abdominal fat) than for phenotypes indexing total body mass or
total body fatness. Overall, these heritability studies tell us how much of the within-population variance
in BMI or adiposity is genetic, but they do not tell us which genes are involved.

The Genetic Investigation of ANthropometric Traits (GIANT) consortium has performed the largest
meta-analysis of GWAS for BMI thus far, which in total included 123,865 individuals of European
ancestry (Speliotes et al., 2010). The follow-up analysis of the best independent loci in up to 125,931
additional individuals resulted in the identification of 32 variants with P-values <5!10 . These variants

explained a mere 1.5% of the BMI variance; this roughly corresponds to 3% of the genetic variance based
on an estimated BMI heritability of 0.5. Speliotes et al. estimated that there are approximately an
additional 200 loci (95% CI: 98–350) with similar effect sizes as the detected 32, which together would
account for roughly 3.5% of the variation in BMI or 7% of the genetic variation (Speliotes et al., 2010).
The average BMI increment per risk allele was estimated at 0.17 kg/m . The per allele change in BMI

ranged from 0.06 to 0.39 kg/m ; a total of ten single nucleotide polymorphisms (SNPs) showed per

allele changes <0.1, which is equivalent to less than 324 g and 273 g in males and females of average
heights (1.8 m and 1.65, respectively).
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We can now definitely conclude that common alleles with effect sizes of >0.5 kg are very unusual.
Infrequent variants with stronger effect sizes in many different genes might in part explain the missing
heritability. Alternatively, the effect sizes of most of the polygenes involved in weight regulation are well
below 150 g/allele (Hebebrand et al., 2010); in this scenario, obese individuals would harbour hundreds
to thousands of such alleles, and the variance they explain in combination is not well estimated by
standard single gene GWAS analyses (de los Campos et al., 2010; Makowsky et al., 2011). Similar to
highly heritable psychiatric phenotypes, the molecular elucidation of body weight regulation based on
data from GWAS has proven more difficult than, for instance, for body height, inflammatory bowel
disease or specific complex neurological disorders.

This complexity of the genetic mechanisms underlying body weight regulation needs to be taken into
account for the discussion of any hypothesis about the nature of this regulation. It seems that many
different genes are involved in food selection, food intake, absorption, metabolism and energy
expenditure, including physical activity – we might be looking at a puzzle of well over 1000 pieces. If
gene-by-gene or gene(s)-by-environment(s) interactions are also considered in such a scenario, the
complexity increases further still. How these relationships map into any of the models discussed above
is currently uncertain. However, if we consider the integrated models, it seems reasonable to assume
that at least some (and perhaps many) of the genes associated with regulating body weight define the
intervention points in the dual intervention point model. It is perhaps also worth noting that the genetic
architecture revealed by the GWAS approach – indicating a role for many genes of very small effect, or
alternatively a few high penetrance alleles that have large effects but in relatively small populations – is
inconsistent with the ‘thrifty gene’ perspective (Neel, 1962) on causality of the genetic contribution to
obesity, which invokes strong natural selection as a causative agent (see also Prentice, 2001; Prentice et
al., 2005; Prentice, 2008; Chakravarthy and Booth, 2004; Eknoyan, 2006; Wells, 2006). Rather, the
genetic architecture revealed by GWAS is more consistent with a model of genetic drift [i.e. the ‘drifty
gene’ hypothesis (Speakman, 2007, Speakman, 2008)], which has been invoked previously as an
underlying cause of the individual variation in positioning of the upper intervention points (see above).

A psycho-biological perspective

We ingest food to meet the energy and nutrient demands of living, but food is also rewarding and
therefore meets reward needs as well (Berthoud, 2007). Food reward has classically been analysed in
terms of ‘liking’ and ‘wanting’. These are represented in the brain in distinct but overlapping areas. In
the fasted state, wanting is signalled in the hypothalamus and striatum, and coincides with hunger
signalling in the hypothalamus. By contrast, liking is signalled in the nucleus accumbens, in anticipation
of food intake. Post-prandially, in the absence of hunger, wanting signalling in the pallidum and liking
signalling in the striatum, anterior insula and cingulate cortex both predict food intake (Born et al.,
2011), suggesting that these behaviours are reward rather than homeostatically regulated. Post-prandial
food choice and food intake in the absence of hunger are exaggerated under stress, especially in
overweight individuals with visceral adiposity (Born et al., 2010; Lemmens et al., 2010; Lemmens et al.,
2011). Stress-induced eating is not only related to enhanced post-prandial wanting but also to reduced
post-prandial liking (Martens et al., 2010). Reward deficiency is most apparent in the absence of hunger,
in agreement with the notion that reward deficiency leads to reward seeking that can result in
overconsumption (Born et al., 2010). A recent hypothesis proposes that, to avoid reward deficiency, it
might be beneficial for an individual to eat what he or she likes, as long as this happens in the
appropriate time relative to homeostatic demands (i.e. when hungry) (Lemmens et al., 2009; Lemmens
et al., 2010). As long as meal-time food intake meets energy as well as reward homeostasis, this could
prevent overeating between meals. Taken together, these studies suggest that to tune energy intake to
energy requirements (determined by energy expenditure), food intake regulation consists partly of
energy homeostasis and partly of reward homeostasis. In the fasted state, in the presence of hunger,
wanting- and liking-related brain signalling coincide and facilitate food intake in agreement with both
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energy and reward needs (Van Gemert et al., 2000; Westerterp-Plantenga et al., 2002; Westerterp-
Plantenga et al., 2003). Post-prandially, consumption of food in the absence of hunger might be caused
by previously failing to achieve reward homeostasis.

How this psychological perspective bears on the nature of intervention points in the dual-intervention
point model is currently unclear. It is possible that the upper intervention point is influenced, for
example, by changes in the reward features of food as body mass increases. Supporting this idea, it has
been shown that obese-resistant individuals respond to periods of positive energy balance by
downregulating appetitive responses to the sight of food, whereas individuals prone to weight gain do
not show reductions in the salience of food cues during periods of overfeeding and hence lack strong
control over food intake and weight increases (Cornier et al., 2009). Furthermore, it has been reported
that lean participants show reduced neuronal responsiveness, as measured by functional magnetic
resonance imaging (MRI), to visual food stimuli in the insula and hypothalamus after a period of
overfeeding, whereas obese participants who have achieved weight loss do not show attenuated
responsiveness in these brain regions in the same setting (Cornier et al., 2009).

Final thought

We mentioned earlier Hirsch’s speech in which he commented on the two communities of scientists that
make up the obesity research field (physiologists-molecular biologists-geneticists and behaviourists-
psychologists-nutritionists), and that the set point and settling point models might, in part, be a
reflection of a divided scientific culture. Here, we suggest that the general intake model and the dual
intervention point models each offer conceptual frameworks for understanding obesity that are
compatible with the approaches and beliefs of both groups. Indeed, these models reinforce the idea that
genes and environments cannot be considered as separate domains and, as such, we hope that they will
facilitate interactions across the cultural divide that is in danger of becoming ingrained in the field of
obesity research.
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Figures and Tables

Fig. 1.

The lipostatic model of body fat regulation. This model was first suggested by Kennedy (Kennedy, 1953) and

widely adopted in the 1990s following the discovery of leptin. In this model, fat tissue produces a signal (generally

presumed to include leptin) that is passed to the brain, where it is compared with a target (the set point of the system)

(A). Discrepancies between the level of the signal and the target are translated into effects on energy expenditure and

energy intake to equalise the discrepancy and maintain homeostasis. That is, if the signal is too high (as in B, where body

fatness is above the target level), expenditure is increased and intake decreased until fatness falls and the signal and

target are brought back in line. Conversely, if the signal is low relative to the target (as in C, where the individual is too

thin as determined by the set point), intake is increased and expenditure is reduced to drive the subject into a positive

energy balance, resulting in an increase in fatness and bringing the target and signal back in line.

Fig. 2.
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An example of a settling point system: levels of water in a lake. (A) In this schematic, the input to the lake is

rain falling in the hills. The output of water from the lake is directly related to the depth of water at the outflow. The

depth of the water in the lake reaches a settling point at which the outflow is equal to the inflow (indicated by the sizes of

the arrows). (B) If the amount of rainfall increases (denoted by the larger arrow), the level of water in the lake increases

until a new settling point is reached, at which the outflow is equal to the inflow. (C) Conversely, if the amount of rainfall

decreases, the water level in the lake falls until a new settling point is reached, again where the outflow matches inflow.

(D) The key characteristics of the settling point system are that a parameter of interest (e.g. body energy stores) has both

inputs (energy intake) and outputs (energy expenditure). Importantly, for a settling point system to operate, one of these

parameters must be independent of the size of the parameter of interest, and the other must vary in direct relation to the

size of the given parameter (in this case the expenditure). The resulting settling point of the system varies in direct

proportion to the unregulated flow.

Fig. 3.
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The general model of intake regulation. This model is from de Castro and Plunkett (de Castro and Plunkett,

2002). In the model, intake (I) is controlled by two sets of factors, labelled as uncompensated (U ; primarily

environmental) and compensated (C ; primarily physiological) factors. A key difference between these types of factors is

that compensated factors have negative feedback loops with intake, simultaneously affecting and being affected by

intake, whereas uncompensated factors affect intake, but are not affected by intake. Inheritance affects the system by

determining: the preferred level for intake and compensated and uncompensated factors; the level of impact of the

compensated (W ) and uncompensated (W ) factors on intake; and also the level of impact of intake minus

expenditure (I–E) on compensated factors (i.e. W ; the weighting factor). The model combines the concepts of negative

feedback inherent in the set point model and uncompensated factors inherent in the settling point model.

Fig. 4.

Simulated responses of the general intake model. This figure was reproduced, with permission, from de Castro

and Plunkett (de Castro and Plunkett, 2002); see also Fig. 3 and main text. The model’s response to a simulated change

in the environment was investigated by doubling the level of one uncompensated factor. In response to the change, the

body weight became unstable and oscillated before stabilising at a higher body weight. When the weighting factor was

low, the doubling of the uncompensated factor produced only a small increase in body weight. But when the weighting

factor was large, the model’s output reflected a large increase in body weight.

Fig. 5.
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The dual intervention point model. This model is illustrated here by changes in body weight over time. The body

weight varies depending on the prevailing direction of the environmental pressures. In period A, these pressures largely

favour weight loss, and the body weight or adiposity declines. In period B, these factors largely favour weight gain and

body mass increases. At these times weight is largely dictated by environmental factors. However, at C, the pressure to

gain weight has resulted in weight increasing to the upper intervention point. Further weight gain is resisted by

physiological (genetic) factors (depicted by black arrow). The weight therefore remains in balance: declines are

prevented by the upward environmental pressures, and increases are prevented by physiological factors. Weight will

only start to decline again (D) when the environmental pressure to increase weight is reversed (or an intervention is

started). In any situation in which there is a constant environmental pressure favouring weight gain, individuals will

increase to their upper intervention points, which vary among individuals and are hypothesised to be genetically

determined. (Similarly, weight loss becomes resisted at the lower intervention point by other physiological mechanisms:

not illustrated here.) This model also combines the ideas of settling points and uncompensated factors, which dominate

between the intervention points, and physiological feedback controls that operate when the intervention points are

reached.
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